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In recent years the application of 2-Dimensional (2D) metallic Photonic Crystal (PC) structures
to high power microwave devices, such as particle accelerators and gyrotrons, has gained increased
interest. In this paper we focus on the effect disorder has on the resonant frequency and peak electric
field in the defect site of a 2D PC structure. For disorders up to a maximum of 15% variation in
position and radius, we found that disorder applied to the inner-most rods surrounding the defect
site dominates in determining the peak field and resonant frequency of the structure. We also show
that small disorder (∼1%) can lead to an increase in peak field in certain cases. We find increasing
levels of disorder lead to a decreasing average peak field for all structures. Whereas the mean
resonant frequency remains constant for increasing disorder while the standard deviation increases.
We then develop an understanding for this behaviour in terms of frequency detuning and mode
confinement.
I. INTRODUCTION
High-power ElectroMagnetic (EM) technologies such
as klystrons and particle accelerators utilise the interac-
tion between charged particles and conductive structures
to either store energy in EM fields or to extract energy
from EM fields.
Conventional technologies used in particle accelerators
suffer from a number of issues. These include parasitic
effects such as wakefields1, created by the radiation from
particles passing through accelerator structures that can
excite high order modes (HOMs) causing instabilities.
There is also the need to improve intensity, stability, de-
livery and energy of the beam, driven by the need to
reduce the size of accelerators due to practical and eco-
nomic constraints.
Current accelerators generally operate at frequencies
below 3GHz. At higher frequencies (10’s of GHz) acceler-
ators can operate with reduced stored energy and power
consumption2. This has the advantage of higher aver-
age power capability and higher efficiency of operation2,3.
However, operating conventional technology at higher
frequencies exacerbates the problems caused by wake-
fields, which scale with the cube of the frequency4, and
hamper the use of conventional structures at higher fre-
quencies.
Extensive research on novel acceleration techniques to
address these issues5–8 is underway. One possible solu-
tion, which is gaining increased interest, is the use of Pho-
tonic Band Gap (PBG) structures9–11. These structures
have attracted considerable interest for their ability to
confine, manipulate, guide and inhibit light12–16. For ex-
ample: Smirnova et al.11 have successfully demonstrated
the acceleration of an electron beam at 17 GHz using a
PBG structure; Sirigiri in17 demonstrated a gyrotron os-
cillator using a PBG structure; Smirnov and Yu have a
design using PBG structures for a multibeam Klystron18;
and we are considering applications of Crab-PBG struc-
tures.
Conventional high-power microwave technologies gen-
erally use either standing-wave or traveling-wave struc-
tures. Standing-wave structures (resonant cavities) es-
tablish standing electromagnetic waves with the electric
field along the direction of propagation. The frequency
of a resonant cavity is very dependent upon geometry,
in particular the radius, where the dimensions scale in-
versely with frequency19.
In PBG structures, resonant cavities can be formed
by creating a defect in the periodic lattice. This allows
an EM mode to exist inside the band gap which cannot
propagate through the lattice, localizing the mode at the
defect site. This frequency dependence makes it possible
to create a structure where a specific mode is confined,
but the HOMs which wakefields excite are not present
at the defect site. These HOMs propagate away from
the defect site through the PBG lattice. This ability
of PBG structures to inhibit light offers a unique way to
suppress wakefields, enabling operation of accelerators at
frequencies of 10’s of GHz.
Any physically realizable structure will inherently have
some degree of disorder, therefore it is important to un-
derstand the effect this disorder will have on the prop-
erties of the structure. Previous papers have extensively
studied the effect that disorder in PBG structures has
on transmission and reflection properties20–22. The ma-
jority of this previous work has focused on disorder in
bulk photonic crystals with very few looking at cavity
resonators, and only one paper to date examining the
effect of disorder on resonant frequency23. Zhu et al.23
focused on applying white noise to the whole photonic
crystal structure, looking at the resonant frequency and
the quality factor of the cavity, only considering the case
of a purely dielectric structure.
In this paper we extend this work by investigating the
effects of disorder on the resonant frequency and the EM
field distribution of a metallic photonic band gap cav-
ity resonator. We do this by moving specific scatterers
of the photonic crystal. We have focused on metallic
structures as they are more commonly used than dielec-
tric resonators in high power EM applications. Dielectric
structures have specific issues, such as surface charging,
high-losses, breakdown and multipactor discharges that
2inhibit performance.
II. METHODOLOGY
The most commonly used type of PBG lattice in high
power microwave applications is the 2-Dimensional (2D)
triangular lattice of metal rods with separation a and
radius r. In this paper the central rod is removed to
create a defect in the band gap, forming the site of the
cavity resonator. Figure 1 shows the ideal PBG struc-
ture, considered in this paper. The base structure is
the ideal case consisting of rods with identical separation
a = 0.0124m and identical radius r = 0.00186m. The
resonator formed by removing the central rod has a res-
onant frequency (or ‘base frequency’ f0) of 9.4072GHz.
Any changes in the rod separation or radius are made in
relation to this base structure. As a comparison, the base
structure was also modeled using MAFIA, with an agree-
ment with the COMSOL determined base frequency to
the 8th decimal place. Any higher order modes are re-
stricted to the edges of the structure.
FIG. 1: Ideal Base PBG Structure, consisting of Perfectly
Electrically Conducting (PEC) rods surrounded by a PEC
wall. Removal of the central rod localises a single EM mode
at f0 = 9.0472GHz. All rods have a radius of 0.00186m and
a seperation of 0.0124m. The contours show the extent of the
electric field of the mode.
Disorder was introduced to the structure by adding ±
a random number between 0-15%, 0-10%, 0-5%, or 0-1%,
of the initial parameters a and r, to each individual rod.
Depending which parameter this disorder is applied to,
it has the effect of altering the position, radius or ‘both’,
meaning a combination of both the position and radius,
of each rod. The random number used was taken from a
uniform distribution pseudo-random number generator.
This effectively introduces a white noise error to the di-
mensions of the PBG structure.
Focusing on the example of the position of the rods
with a 10% disorder applied to the whole structure, 30
different random configurations of the structure were gen-
erated. Each disordered structure was processed to find
the resonant frequency and the peak electric field at the
centre of the structure. The results from these 30 dis-
ordered structures were then averaged to give a mean
value of the resonant frequency and peak electric field
for a structure with 10% disorder to the position of the
rods. This process was then repeated for different per-
centage disorders applied to the position, radius or both.
The analysis was then extended to more specific cases.
The resonant frequency of each PBG structure was cal-
culated using the commercially available finite element
package COMSOL Multiphysics. This software was used
to find the eigenmodes of each structure, using an auto-
matic mesh refining technique to ensure accuracy of the
solution.
To determine the peak electric field, simulations were
performed using a finite-difference time-domain (FDTD)
method24, with a freely available software package with
subpixel smoothing for increased accuracy25. Each dis-
ordered structure was excited with a point source of fre-
quency 9.4072GHz (the resonant frequency of the ideal
structure). For each disordered structure the source was
allowed to run for the 20 RF cycles, it was then switched
off and the simulation was then left to run for 20 RF
cycles. The electric field was then recorded for next 20
RF cycles. Analysis of the recorded peak electric field
at each cycle shows a small variation due to the finite
spatial and temporal resolution of the FDTD technique.
By increasing the resolution, this variation was reduced
to between 1-2% between all 20 cycles. The value of the
peak electric field taken for each disordered structure is
the mean value of the peak field during the last set of 20
RF cycles.
III. RESONANT FREQUENCY
To explore how disorder effects the resonant frequency
of the PBG structure the finite element package COM-
SOL Multiphysics was used to determine the eigenmodes
of various disordered PBG structures. Results are com-
pared to the resonant frequency of the base structure of
figure 1.
Initially, we considered disorder applied to position,
radius and both for all rods in the structure. Disorder of
10%, 5%, and 1% of the initial parameters a and r was
investigated. For each case, 30 disordered structures were
considered and averaged as outlined above. The effects
of a random disorder applied to the whole structure are
shown in figure 2. The resonant frequency is plotted
against the percentage disorder for position, radius and
both. The mean value of the resonant frequency for each
disorder (1%, 5%, 10%) is shown by the plotted marker.
The solid line indicates the resonant frequency of the
ideal base structure, f0, and the vertical bars show one
standard deviation from the mean.
The results show for disorders of 1% and 5%, the mean
only varies slightly from the base frequency. We note that
for a 10% disorder, the variation of the mean from the
base frequency is about 1%. In terms of percentage dis-
order, separation has a larger effect than radius. While


























FIG. 2: The effect of disorder in radius, separation and both
applied to the whole structure. The fundamental resonant
frequency is shown against disorder magnitude for 1%, 5%,
and 10% disorder. For each case of radius, separation and
both, the data is plotted laterally displaced for clarity. The
markers show the mean resonant frequency averaged over 30
structures. The vertical error bars show one standard devi-
ation from the mean. The horizontal line indicates the base
frequency.
der to both, can be seen as approximately equal to the
sum of the separate variations in position and radius. In
terms of absolute variation, where a 5% variation in ra-
dius (∼ 0.1mm) is approximately equal to a 1% variation
in position (∼ 0.1mm), we can see that the effect on the
resonant frequency is approximately equal in both cases.
Although the mean resonant frequency remains fairly
constant and close to that of the base structure, we note
that for some structures increasing disorder causes the
resonant frequency to significantly deviate from the base
value. To understand this behaviour we analysed the ef-
fect on the resonant frequency of altering the position
and radius of individual rods. Starting with the ring of
the innermost rods, closest to the centre of the struc-
ture (labeled ring 1), each rod is systematically moved
by 10%, 5%, and 1% of its’ initial separation a into and
out from the centre. This process was then applied to
the rods in the second and third rings of rods from the
centre. It was finally extended to the rods of the outer
rings but was found to have a negligible effect (less than
0.001%).
Figure 3 shows the results of this examination. We
can immediately see that the effect of moving the rods of
ring 1, dominates over the other rings. As the rods are
moved into the centre the resonant frequency increases,
while moving the rods away from the centre results in a
decrease in the resonant frequency. This is the case for
the rods of all rings, although the further out the ring,
the lesser the effect it has upon the resonant frequency.
This behaviour can be understood in terms of perturba-






















 Ring 1 In
 Ring 1 Out
 Ring 2 In
 Ring 2 Out
 Ring 3 In
 Ring 3 Out
 Base
FIG. 3: Considering the rods in the base structure as arranged
in rings of rods around the defect region, the innermost ring
labeled ring 1. This graph shows the fundamental resonant
frequency achieved by moving all rods in a specific ring in and
out by various percentages relative to the base structure. The
horizontal line indicates the base frequency.
Inward perturbations raise the resonant frequency and
outward perturbations decrease the resonant frequency,
so as the rods of ring 1 are moved in towards the centre of
the structure the volume of the defect region decreases,
this naturally results in a higher resonant frequency of
the structure. As the rods are moved out, away from
the centre, the larger volume results in the observed fre-
quency decrease. As the size of the perturbation increases
so does the relative shift in resonant frequency.
With this in mind, when considering disorder applied
around the defect region, as disorder increases the spread
in resonant frequencies of the structure increases, as seen
in figure 2. This argument would imply that the mean
frequency should be equal to the resonant frequency of
the base structure. To develop this argument further a
random disorder introduced into each individual ring was
investigated and we can start to consider how disorder in
each ring of rods contributes to the performance of the
entire structure. This analysis was done by introducing
disorder separately to each ring in turn. 10%, 5%, and 1%
disorder is introduced to rod position, radius and both.
In each case all other rods are kept in the base configu-
ration. The results of this analysis are shown in figure
4. Even with a 10% disorder the effects of this disorder
in rings three, four and five were found to be negligible,
so for clarity are not presented here. For disorders of
1% and 5% the mean only varies slightly from the base
structure, whereas for a 10% disorder the variation of the
mean from the base structure is quite marked. This is in
agreement with the results shown in figure 2 but conflict
with the arguments surrounding figure 3. To investigate
this further we examined the frequency of each structure
with 10% disorder to both. We found that out of the
430 samples, two had particularly low values. To investi-
gate this, we increased the number of structures at 10%
disorder to both, from 30 to 40. The mean value for 40
structures is shown in figure 4 by the ‘cross’ marker. We
see that this mean is closer to the base frequency, which
suggests that the variation of the mean from the base
frequency is due to the limited number of samples.
We also examined the effect that disorder has on the
position and frequency of higher order modes of the struc-
ture. We found that even at 10% disorder the frequencies





















































FIG. 4: The effect that disorder of radius and separation
in each ring of rods has on resonant frequency. The mark-
ers show the mean resonant frequency taken over 30 struc-
tures, with error bars showing one standard deviation from
the mean. The horizontal line shows the resonant frequency
of the base structure. The extra cross marker at the 10%
level of disorder is the mean frequency found by increasing
the number of structures from 30 to 40. The insert shows the
results of disorder in ring 2 to give a clearer picture of the
behaviour.
IV. PEAK FIELD
To examine how disorder effects the peak electric field
in PBG structures, the FDTD technique outlined in sec-
tion II was used to excite electric fields at the centre of
the defect site of PBG structures with various, random
or specific, rod displacements and radii variations. The
results were then compared to the base structure. The
peak electric field for the base structure (the ‘base field’)
is 26.749V. In all cases the EM source at the fundamental
frequency 9.4072GHz is used.
As in the case of the resonant frequency, firstly we
considered disorder applied to the whole structure in the
cases of position, radius and both. Disorder of 15%, 10%,
5%, and 1% of the initial parameters a and r was in-
vestigated. For each case 30 disordered structures were
considered and averaged as outlined previously. The nu-
merical results of these simulations are shown in figure
5. The peak Ez component of the electric field is plotted
against the percentage disorder for position, radius, and
both. The solid horizontal line indicates the base field.
The mean value of Ez for each disorder (1%, 5%, 10%,
15%) is shown by the plotted marker. The vertical bars
show one standard deviation from the mean.

















FIG. 5: The effect of disorder in radius, separation and both
applied to the whole structure. The peak field at the defect
site is shown against disorder magnitude for 1%, 5%, 10%
and 15% disorder. For each case of radius, separation and
both, the data is plotted laterally displaced for clarity. The
markers show the mean peak field averaged over 30 structures.
The vertical error bars show one standard deviation from the
mean. The horizontal line indicates the base field.
As one would expect, increasing disorder of the struc-
ture causes the mean peak field to decrease. Again, as in
the case of the resonant frequency, in terms of percent-
age disorder, separation has a larger effect than radius.
While the effect on the peak field of applying disorder to
both, can be seen as approximately equal to the sum of
the separate variations in position and radius. In terms
of absolute variation, we can see that the effect on the
peak field is approximately equal in both cases.
Although overall the trend of the mean peak field
is to decrease with increasing disorder, there are some
structures that produce results showing the opposite be-
haviour. Looking at moving the individual rods of the
rings into and out from the centre sheds some light on
this behaviour. Again, each rod in a ring of rods, is
systematically moved by 10%, 5%, and 1% of its ini-
tial separation a into and out from the centre while all
other rods remain in the base configuration. These re-
sults are shown in figure 6. Moving the rods of ring 1
has the greatest effect on the peak field, as in the case
of the resonant frequency results. The effects of moving
ring 1 can be understood in terms of frequency detun-
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FIG. 6: Considering the rods in the base structure as arranged
in rings of rods around the defect region, the innermost ring
labeled ring 1. This graph shows the peak field achieved by
moving all rods in a specific ring in and out by various per-
centages relative to the base structure. The horizontal line
indicates the base field.
by 5%, 10%, and 15%, either in or out, is so large that
the resonant frequency of the defect region is either in-
creased or decreased by a significant amount (cf. figure
3). The resonant frequency of the structure now shifts
to a frequency fs. This shift in the resonant frequency
of the structure means that the frequency of the excita-
tion source at f0 is so far from the resonant frequency,
fs, of the structure, that the EM field poorly couples to
the cavity. This leads to a decrease in energy stored in
the excited field compared to the base structure. In the
case of a 1% movement of the rods in or out, the shift in
the resonant frequency of the cavity (as shown in figure
3) is small enough that the excitation source still couples
strongly to the resonator. Using the FDTD technique,
we analysed the field energy in the defect region. In all
three cases (base, move rods-in, move rods-out) the total
energy in the volume of the defect region is constant.
Moving the rods in and out changes the volume over
which this energy is distributed. The energy stored in
the EM field is given by (E · D + |H|)/2, where E and
H are the electric and magnetic field components and D
the electric displacement field. So in order to maintain a
constant energy, a reduction in the volume results in an
increase in EM field magnitude. Likewise, an increase in
the volume results in a decrease of the EM field magni-
tude. This same interpretation can be applied to moving
the rods of ring 2, although to a much lesser extent.
Considering how disorder within each ring effects the
peak field, 10%, 5%, and 1% disorder was introduced
to rod position, radius and both, introducing disorder
separately to each ring in turn. Again, in each case all
other rods are kept in the base configuration. The results
of this FDTD analysis are shown in figure 7. The effects
of disorder in rings three, four and five were found to be




























FIG. 7: The effect that disorder of radius and separation
in each ring of rods has on peak field. The markers show
the mean peak field taken over 30 structures, with error bars
showing one standard deviation from the mean. The horizon-
tal line shows the peak field of the base structure. The insert
shows the results of disorder in ring 2 to give a clearer picture
of the behaviour.
Note that the effect of disorder of the inner ring (ring
1) dominates over the effects of the other rings of rods.
In terms of percentage disorder, separation has a larger
effect than radius, and in terms of absolute variation,
separation and radius have about equal effect.
As seen in figure 5, the mean peak field decreases with
increasing disorder when disorder is introduced to the
whole structure. We see the same behaviour reproduced
in figure 7 when the disorder is introduced into ring 1
only. The magnitude of displacement and direction is de-
termined using a pseudo-random number generator with
a uniform distribution. As percentage of total disorder
increases, a greater number of rods are subject to a larger
change in their position or radius. This leads to an in-
crease in the number of structures with a lower value
in the peak file. Comparing figures 5 and 7 we see the
behaviour due to disorder in the entire structure is effec-
tively defined solely by disorder in ring 1.
An understanding of how disorder in position and ra-
dius interact can be found by examining the distribution
of the peak field values for a large number of structures.
Figure 8 shows the distribution of the peak field from
300 different structures of 5% disorder to both. The in-
set graphs show the distribution of peak field from 300
different structures of 5% disorder to position and radius
separately. The distributions for disorder in either radius
or separation are slightly skewed, with the peak field of
the base structure higher than the mean peak field of the
disordered structure. This can be understood by con-
sidering the arguments presented above concerning the



































FIG. 8: Distribution of peak field value for 300 structures.
The main curve shows the distribution for 5% disorder to
both radius and position. The inset curves show; Top, 5%
disorder to radius and bottom, 5% disorder to position. The
doted line shows the base structure peak field.
effect on the peak field of moving the rods in and out.
Generally, more structures are created with rod position
or radius configurations that result in a lower peak field
than the base. Hence, shifts of greater than 1% inwards
will result in detuning of the cavity and therefore a lower
field. By increasing the magnitude of disorder these ef-
fects on average occur with increased probability, shifting
the mean peak field for the disordered structure to a lower
value. The distribution for disorder in both, shown in fig-
ure 8, becomes highly skewed. We can see that, although
for the majority of structures the peak field is lower than
the base peak field, for approximately 30% of the samples
the peak field is greater than the base peak field. This
can be seen from the distribution curves for disorder in
position or radius alone. There are structures where the
combination of radius and position result in a 1% (or less)
effective inward reduction of modal volume, leading to a
slight increase in peak field. The combination of disorder
is more likely to increase the modal volume or detune the
cavity, therefore decreasing the peak field. This yields a
skewed distribution where the maximum peak field for a
structure is 29 V/m and a minimum peak field is close
to zero. The mean peak field of the structures decrease
almost linearly with increasing magnitude of disorder.
Considering the distribution of the results of the reso-
nant frequency analysis and comparing it to those of the
peak field discussed above, the distribution for a disorder
in both is less skewed and has a normal distribution.
Using the FDTD technique we also examined the qual-
ity factor of the disordered PBG resonant cavities. The
quality factor is the ratio of the energy in the cavity to
the energy lost. We found that the introduction of disor-
der has a small effect on the quality factor, in agreement
with the work of Zhu et al.23
V. CONCLUSIONS
For disorders up to a maximum of 15% variation in po-
sition and radius, we found that disorder applied to the
inner-most rods surrounding the defect site dominates in
determining the peak field and resonant frequency of the
structure. Disorder in all other rods, up to a maximum of
15%, has a small effect on PBG performance. Although
disorder in the outer rods has a small effect on perfor-
mance of the resonant structures, the presence of the
outer rods are required for mode confinement. Smirnova
et al10 have shown that reducing the number of rings
of rods in a PBG structure has an adverse effect on the
ability of the structure to propagate higher order modes
away from the defect site and reduces the ability of struc-
ture to localize the mode of interest. In terms of absolute
variation, disorder leads to a larger variation in peak field
than in resonant frequency. A 5% disorder to both (ra-
dius and position) leads to a maximum 0.5% variation in
resonant frequency (40MHz) and a maximum 5% vari-
ation in peak electric field (1V/m). This behaviour is
predominantly determined by the disorder in ring 1 of
the rods only. Examination of the results show that a
1% disorder in ring 1 has a greater effect than a 10% dis-
order in all other rods. We have also shown that a small
disorder (∼1%) of the innermost ring of rods can actually
lead to an increase in peak field, by decreasing the vol-
ume over which the energy of the EM field is distributed.
Increasing disorder leads to a decrease in the structures
average peak field, where as the mean resonant frequency
remains constant with an increasing standard deviation.
We show how this behaviour is dependant on varying the
radius and position of the rods, which detune the cavity.
We have found that randomly introduced disorder and
systematically moving individual rods, results in the abil-
ity to ‘tune’ the PBG structure and have found it possible
to increase peak field by approximately 10%. This could
prove beneficial in the design of PBG based accelerat-
ing structure where there is a requirement to maximize
the peak electric field and thereby maximize accelerating
gradient.
In terms of structure fabrication, a maximum error in
the inner most ring of rods of 1% in separation, 5% in
radius, and less than 10% disorder in all outer rods, leads
to an average resonant frequency equal to the ideal struc-
ture (9.4072GHz) with a maximum variation of 0.2%
(20MHz), and maximum variation of 0.5V/m in the peak
field. To achieve this for the structure considered in this
paper requires fabrication of the rods with a radius vari-
ation of 150µm, and a separation variation of 100µm for
the inner most ring of rods. This level of accuracy in
fabrication although difficult is within the capability of
modern fabrication facilities.
7VI. ACKNOWLEDGEMENTS
The authors would like to thank the EPSRC for their
financial support of this work.
1 C. Adolphsen, K. Bane, T. Higo, K. Kubo, R. Miller, R.
Ruth, K. Thompson, and J. Wang, Phys. Rev. Lett. 74,
2475 (1995).
2 M. E. Hill, C. Adolphsen, W. Baumgartner, R. S. Callin,
X. E. Lin, M. Seidel, T. Slaton, and D. H. Whittum, Phys.
Rev. Lett. 87, 094801 (2001).
3 H. H. Braun, S. Dobert, I. Wilson, and W. Wuensch, Phys.
Rev. Lett. 90, 224801 (2003).
4 K. Bane and M. Sands, Stanford Linear Accelerator Center
Report No. SLAC-PUB-4441, 1987 (unpublished).
5 T. Tajima and J. M. Dawson, Phys. Rev. Lett. 43, 267
(1979).
6 W. P. Leemans, P. Catravas, E. Esarey, C. G. R. Geddes,
C. Toth, R. Trines, C. B. Schroeder, B.A. Shadwick, J. van
Tilborg, and J. Faure, Phys. Rev. Lett. 89, 174802 (2002).
7 P. Muggli, B. E. Blue, C. E. Clayton, S. Deng, F.-J. Decker,
M. J. Hogan, C. Huang, R. Iverson, C. Joshi, T. C. Kat-
souleas, S. Lee, W. Lu, K. A. Marsh, W. B. Mori, C. L.
OConnell, P. Raimondi, R. Siemann, and D. Walz, Phys.
Rev. Lett. 93, 014802 (2004).
8 Advanced Accelerator Concepts, AIP Conference Proceed-
ings, edited by V. Yakimenko (AIP, New York, 2004), Vol.
737, page 783.
9 D. R. Smith, S. Schultz, N. Kroll, M. Sigalas, K. M. Ho,
and C. M. Soukoulis Appl. Phys. Lett. 65, 645 (1994);
10 E. I. Smirnova, C. Chen, M. A. Shapiro, J. R. Sirigiri, and
R. J. Temkin, J. App. Phys. 91, 960 (2002).
11 E. I. Smirnova, A. S. Kesar, I. Mastovsky, M. A. Shapiro,
and R. J. Temkin, Phys. Rev. Lett. 95, 074801 (2005).
12 Photonic Bandgaps and Localization, edited by C. M.
Soukoulis, Plenum, New York, 1993.
13 E. Yablonovitch, Phys. Rev. Lett. 58, 2059 (1987).
14 Confined Electrons and Photons: New Physics and Appli-
cations, edited by E. Burstein and C. Weisbuch, Plenum,
New York, 1995.
15 R. D. Meade, A. M. Rappe, K. D. Brommer, J. D.
Joannopoulos, and O. L. Alherhand, Phys. Rev. B 48, 8434
(1993).
16 K. M. Ho, C. T. Chan, and C. M. Soukoulis, Phys. Rev.
Lett. 65, 3152 (1990).
17 J. R. Sirigiri, K. E. Kreischer, J. Machuzak, I. Mastovsky,
M. A. Shapiro, and R. J. Temkin, Phys. Rev. Lett. 86,
5628 - 5631 (2001).
18 A. Smirnov and D. Yu, In the Proceedings of Particle Ac-
celerator Conference (PAC 05), 16-20 May 2005 Page(s):
3094 - 3096.
19 R. Harrington, Time Harmonic Electromagnetic Fields,
McGraw Hill, New York, 1961.
20 S. L. McCall, P. M. Platzman, R. Dalichaouch, D. Smith,
and S. Schultz, Phys. Rev. Lett. 67(15), 2017 (1991).
21 M. M. Sigalas, C. M. Soukoulis, C. T. Chan, R. Biswas,
and K. M. Ho. Phys. Rev. B 59 (20), 12767 (1999).
22 D. M. Beggs, M. A. Kaliteevski, R. A. Abram, D. Cas-
sagne, and J. P. Albert, J. Phys.: Condens. Matter 17,
1781 (2005).
23 Z. H. Zhu, W. M. Ye, J. R. Ji, X. D. Yuan, and C. Zen,
Appl. Phys. B 88, 231 (2007).
24 Allen Taflove and Susan C. Hagness, Computational Elec-
trodynamics: The Finite-Difference Time-Domain Method,
(Artech: Norwood, MA, 2000).
25 Ardavan Farjadpour, David Roundy, Alejandro Rodriguez,
Mihai Ibanescu, Peter Bermel, J. D. Joannopoulos, Steven
G. Johnson, and Geoffrey Burr, ”Improving accuracy by
subpixel smoothing in FDTD,” Optics Letters 31 (20),
2972 (2006).
